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6 Dense Granular Columns (DGCs)
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Parameter Medium DGSc
Sand
D, ~ 40%
» » Mass Density (Mg/m®)  1.96 2.06
Gax(MPa) 46.2 101.9
o , Friction angle(deg) 32 40
¢., , Phase-transformation 30 26.5
angle(deg)
C,, Contraction parameterl  0.067 0.016
Cs, Contraction parameter3  0.27 0.14
d,, Dilation parameterl 0.02 0.25
ds, Dilation parameter3 0 0
k permeability coefficient  1x10~° 0.1
(m/s)

Table. 1. Soil specifications used in this research
o3l 9 029l (il Jhe-Y-¥

L StdBrick x> slaoldl 3l exdls g5ledde sl
by el ot eslizad JUisl ol3T ax 3 4w glls 0 5 s
b lhe) o Szl s 4 LT J b ples 55 el
Ghls el il e (V) Jud 5 ok o350 Slaseis
05 4S5 (el ) g;.olsu.éjef,u\\/x\vu,ifcjdjl;
03 e dli lae S il sl Sl (6t KO sdle Gas
S wile glas S 4 (X,Y,2) e oles 53 0T ol 515
) axlllas 5,40 aals VO 56 g o3l el anes
St Soso 4 bl &Sl e 2V e
wboml ol 5 ETABS16.21 il Luy
525 Jdes el gl e 5 0t~ b AISC360-10
Al s 3 lemes Jlm Sl e RSl B S
s g ledte Gy ol sld (iladde ]
oslizul €lasticBeamColumn laoldl 51 o3l (slad sz
ol a3 1 s oladl g5 orl o30S maS Cud oud

el (S8 o314 ys 4w Sl 3131 s an)

YA

w2 oS e (glails O g =03 Jlimo sl gl J 3 Shas U5
2 538 mlE eote & 30 Yseme Ll s L St
03 ek a4 § L s gyl Jhe Ll gode (g3ludbe
e g5 5l @Sl glails O 5 S gl sy ol
Gl 4l 6 o [32 31] mlaw dim ST - S
Jbe el 5o aile [33] Tcyy hes sad ol
Sy leans Glp b L 50, SO ol
laadlje ol ol eslinal St 258 5 2d, 5 S
oo 056 s wb sl sl Je ol ol
2 Jde cpl s ol 3k e O 056 5 (S5
Sk, Saa¥ Sl s oS (ol KM Szl
v SaVE S s 5 agnl s et Dose 4 L)
e cpl 5,8 o a3 oy anl w5 bt Ose
5 oS 1y bl 5 il s, BT Wl e s,
TSV S S

sdd i 25 el 3 PressureDependMultiYield02

ol L Y BE
[32 ,31 ,29] C”\J‘ o Olg o 2oy Sl Gl ol

23 ST

o o Ogw 9 & (il Joe-T-Y
55 e Vv Calbhs 4 | Sy, S Y hagh opl s
o 515 ol RO PXE RT3 S RVRCIE P (¢
ke Glagaly 555 5 BT 2als gl als L3 e
Ad a8l s e 2e A0 S LS e s sk ol
Gy e (gluand dho L3 ol Sls, J 28 Gln
5 e S ks e Ve B4 el L (DGCs)aS) e lails
Olasein ol sl oslizal e Y0 S e U S e alol
Ot 5 S 5 ddsd l o ohan @ (SO 5 (S5
sbaay iladde sl ol ads L1 () dsd 3 oSy
(BrickUP)sls § s b a6 > ool 5l S
& byye b3l amss a) ol s Jler shils oS LAl
(Sloyim Ol JLid w byje 3l arys S5 O o
O O PRI [ e Y YA W PR E TS

9 Prevost



Ve Y Jb/iojw/ry)%a)jé

oo Ol jos owdige Sa s — oode aloe

OiBas ol o3 edd ala ik Vo Jue N IS

EqualDof NI&N2 X.Y.Z
Rigid Link Node (Ny)

|
|
Foundation Node (N);
|
|

&

‘oundation/StdBrick Element

10m

1 Steel Structure (15-Stories) e
i ‘\5/m>
™, t
< et n| et
SEREEERL
NN :
‘iﬁ!_‘:!i S m Beam sheet section
SFRELSLD t
SERIEEN -
i
SEREEED
E%:;%%i! Column section/ Box
NESEECS

(1
/

1%

Soil (Br'\ckU\’ Element)
0

v‘ T

Ground Sh

Fig. 1. The 15-storey structure model made in this research
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Section tw hy h, t t
name

PLG.1 8 395 375 150 10
PLG.2 8 399 375 200 12
PLG.3 8 405 375 200 15
PLG.4 8 415 375 200 20
PLG.5 10 415 375 250 20

Table. 3. Beam sheets specifications of structures (mm)
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Variable Symbol Amount
Steel

Mass Density (Mg/m®) ] 7.85
Modulus of 8
elasticity(kPa) Es 2x10
Poisson's ratio Vs 0.3
Concrete

Mass Density (Mg/m®) p. 2.4
Modulus of 7
Elasticity(kPa) Ec 2:x10
Poisson's ratio Ve 0.2

Table. 2. Specifications of steel (beams and columns)
and concrete foundation
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Storeys 5 Storeys 10 Storeys 15 Storeys
Beam Column Beam Column Beam Column
1 PLG.2 Box40x1.2 PLG.4 Box45x1.5 PLG.5 Box50x2
2 PLG.2 Box40x1.2 PLG.4 Box45x1.5 PLG.5 Box50x2.5
3 PLG.2 Box35x1 PLG.4 Box45x1.5 PLG.5 Box50x2
4 PLG.1 Box35x1 PLG.4 Box45x1.5 PLG.5 Box50x2
5 PLG.1 Box35x1 PLG.4 Box40x1.2 PLG.5 Box50x2
6 - - PLG.4 Box40x1.2 PLG.5 Box45x1.5
7 - - PLG.3 Box40x1.2 PLG.5 Box45x1.5
8 - - PLG.3 Box40x1.2 PLG.5 Box45x1.5
9 - PLG.3 Box35x1 PLG.5 Box40x1.2
10 PLG.3 Box35x1 PLG.5 Box40x1.2
11 PLG.3 Box40x1.2
12 PLG.3 Box40x1.2
13 PLG.3 Box35x1
14 PLG.3 Box35x1
15 PLG.3 Box35x1

Table. 4. Dimensions of beams and columns sections

ol 4ol Jlesl slasl 0 J i

e Sl ol pl olbsl sl ol sl Jles! Load Type Value Unit
_ , _ . Dead Load 0.57 ton/m”
2 Son sl sbalbrals g0 S oo w2l NL Live Load 0.2 ton/m’
= 2
C 5w (V) IS 5 (Vdsds 53 . dil, o )y ol 5535 Partition Load 0.15 ton/m
i 5 ? o Wl e S Roof Load 0.13 ton/m’
sl osls Lioled il Ol ol Sles amsu )b s b Sk Roof Dead Load 0.65 ton/m?
. Roof Live Load 0.15 ton/m’
i Liner Load External 0.8 ton/m
. o s Walls
Y mdl 35 Slasin N\ Jgd .
S ? Liner Load Of 0.25 ton/m
Earthquake motion parameters El Centro Shelter
(USA)/N-S Wide Effective 0.075 ton/m?
Date of occurrence 18/05/1940 Seismic Load
Recording station 117 El Centro Liner Effective 0.4 ton/m
Moment magnitude, 7.1 Seismic Load
Maximum horizontal acceleration, (g) 0.314 Table. 5. Applied loads on the structure
Predominant period, T (sec) 0.5
Significant duration, (sec) 23.84 G$99)9 Wl 9 > Sy @1}54_;,
PGV/PGA (SEC) ol 4 £ L Sl odue el o oS . R
Arias intensity for scaled PGA=0.25  1.11 R e Gl S 530 A

Table. 6. El Centro earthquake characterization[26]
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Scaled El-Centro Earthquake (May, 18, 1940), N-S
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Peak Ground Acceleration (PGA)=0.25g,
Time of PGA=2.02 Scc
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Fig. 2. Acceleration time history for the EI-Centro
earthquake (1940) with scaled PGA of 0.25g
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Run step Number With Without

of stories DGSc DGSc
Run 1 1.58 1.77
Run 2 1.88 2.07

5 6.52 7.06
Run 3 10 9.44 10.33

15 12.66 19.87

Table. 7. Settlement of surface soil induced by loading
in different stages of static analysis
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shear force of 5-storey structure from OpenSees and
Etabs softwares
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Fig. 3. Schematic plan and 3D views of SCs and soil
model of Lu et.al research [35]

Jle ol plralr s 5 S ol )b anlis £ IS
[reJoblSan 5 5 (hass b andlas oyl (Sl gt 5 Sb=

1.0

This Rescarch

0.8 1 Lu ct.al (2019)

0.6 1
0.4 1

0.2 1

Lateral displacement(my)

0.0 1

40

1.0

0.8 1

0.6 4

0.4 1

0.2 |

Maximum lateral displacement(m)

0.0 - ;
Luet.al (2019)  This Research

Fig. 4. Comparison of the lateral displacement history
and maximum lateral displacement of soil the obtained
from the numerical simulation and Lu et al research.[35]



Ve Y Jb/ie)w/r}w}%wjl

oo Ol jos owdige Sa s — oode aloe

CJS/ Ql};dw ur“?« )}.}a “ gﬁ-‘fl'" sl J-’_}" ):4 e)Lw
wals Jall L Gl Cel osle ol slaas 2158
Ly :)";Lf odalin J':‘ ‘djjj QLiLi BE Jjﬂlk;a Sl Jbl

g:,\_,.,;\ oals CJ AJL«J Q‘}Ju 6[;— DL )KJ.)L& &l}-hl}- wjf..;:.)

WS slbd s gLl S Cla.d P E e B U B e Wy C -

UJ)}@@\OJ:J«@ 5).LWL.‘jD).Lﬂ U}v\d LSLAJJA‘}SJ»)AVXV

— 40~ ?f_ 40.53 mm - Without Structure
é \I —-— 5 Storey
=204 ;‘;i,!x 10 Storey
g to — -
o N ,‘,Iv; 15 Storey
ARV L] o r il
£ LA PAS ih ;‘?N"F\f‘j?“_\ms'"--\-"‘ Vo g e v
- i :r v l i \ \/ f W v ool T
= f f Y f { W . W
= 20 i / ‘
) | B
G | i

_40 _ H v

T T T T T
0 5 10 20 25 30

Time (sec)

Fig. 6. Lateral displacement time histories of soil surface
in the center of various models (without structure and
five, ten and 15-storey structures on the DGSc)
subjected the 0.25¢ El-Centro earthquake

SLGes 3 okl Gl S G plraly aly

2 (V) U s sl by sl O sladde 5 il
el o o3ls OLE s kB 5 el antle sladus S e
230 S S e bl sl S das e 0L @l;j
FeS Akl 10 50 iy slaesla Sl s abE 4 o o5l
sl 5 clib slaw e U edkas QLD &Sl

el ol s S S Lﬁ\?"‘*[*ﬁ("(\f“

2 S mhe G pals e V) IS8 s

saosle ils 53 8 45 (g3leg O5r 5 DGSC L lads
b S 515 aslie 550 s S g5, ik Ve 3o iy
Sals;s DGSC 555 JUT sdias OLas Sl5 gas .ol 0l
Sl Dok glads 4 ond S mhw b el
el boas el p\! e ol S el o3l e L
el SN @ik o 4 =y Sl ol Slib sl
S GOl Osde sbadile 5 ol L gladie o S

el s

¢y

‘Jﬁl}) JJL; Sl 2 CEU w \0) 02 ‘CJ" 6uﬂjl.w -y
Sl O

S8 A Lyl i Laib V06 e sbaesl Y

o3l Ok 1SSls, BB St 3 VXV (1S (glails & 52—t
(ol Jams) o Sls, ks L Sl -0

ool SDlib sy M) w0 O slailedde 5o

slaad s (5, Sl slails O s S6T Syl -
Q:L gQu...Ja C,Ji.i)b cobjju Sl (S L;ql.?- dL?-A;L?-
ol Slib IS 5y s loie O JLis Blsl i oles by

el
S il sale—i-1-)

Sk s Sl plrals Sl amse bl (V) K2
5 oosbe Ok sladde sl WJde S s eld (il
Ay cod 1y aab V0 5 e oy el gl gladde
O3k Jde 5o sl plralr s s e 0L 5 2l
il b gbadae 5o 5 ol o3le b gladae 51 i o3l
@b os U olib sl 03l L L pbals e
Al Gl w8 il V0 4 e Sl e 5 Al S
dsl s sy bobrals Gl il 5o Sl a5
B ol (S5 wesle 5 5 Slad sl 20580 L Sl
Loosses Dl 5l oo,8 Iy bl gy 5l b
Loeasal s 58 ok B abrals ol o SRR
GRIB by S s Jhe S Slib sl
5 led Sasl il coxge O il 4 5 AL
Ll oy Sl Cel oomen 5 S L5 Ceslie
03 b el (B plrals LIk 5 s e S
K ST el S S5l g ol Ll
Slaesle 3 & S U5 s ol b onlaly s
el 55 e G RIP & e ) BT
g5 il (Solesn JUT a8 il Sos S35 LB wST
Spp s e s (edd Sy 5 1S, LB SHSE



Ql)&ajdjimcdb

w3 b oSl il O s —o3 Lol (glos ) s Shas b3

03I Cani—f— V¥
VO 5 e :cg 6LAJJA B e.)_,ﬂ.i G Aot M..iu.a

S8 53 ol Dok 5 ST lails Glad s 555 il
Lf :}J«w sdalis oS JJLQLAA ol ol el QLZ.: (OQ
03,5 1y il lacls Ol ojle Olad slaas 158l
s =y ) Slab slaas Al 580 L & sel (gl el
5w oSl Ot b Sl gl bacdd Ol 10 4
;.AQSJJ«J.VSU:» O st Qs Sll= 6l s 5 ol 5 V/ET 5 V/YA
)‘ L;;'L gCJ\J.:.:x; U’i‘ &;.LC‘ g:»—al‘ oL f‘f \/AO 39 \JAK
ML'LSA c)l.w QLS.L sl J'L.“v\ﬁ‘ J_T\ BE c)l.w d)_} J:J“Jﬁ‘
ﬁ.} ajLw BY) J-'Lﬂdc u&ﬁbﬁ\ a)'l.w QU.JQ Sldws aS da&.h
jww )L:J g):‘i‘fl g:,&«l; e)Lw d)j g};{‘)ﬁ‘ J}.LL;AJML.:J
Wdh&;@jaaﬁdugJW|r§E6u&;}
(V) IS promer il GRlil eadlla 5 5o s
& oaxg b VSlJ:,o slaly g s Cuie S0 saasolis
BE] coD}Ju MJ\M L)L.hls BE ‘YL 6,&-’%3}“) Lf:}w
o3l 53 o Bl Ol (Gaas opl 5o il e 3 <K;;a
Ol o ) Ol cpl Cle ol iy baojle 4ty 31 gl Vo
el o ‘Ji..l‘j) WY S e s e i Al sl LAt
OF 4 aslsl 5 &8 cadls S o1 Slsy el 2alS
35 ek Wy glo = O HLid Lol Ol 2353 0 4zl
QJEQUW&):LAJM&LJ&\JJ_ljf.}lj)ouﬂj{f
\O e)l.«: )J d)} J:"l‘)ﬁ‘ JS‘ )J LA\ (\0 g}i”:d) CM\ JJ\J.!
e SRl A s e e 1S 1y 1SS,
05 e atb Vv il sl sl S aab V0 o3l 5 s
2503 S Ll b o Al S5e 5 esle O Rel5el
ajupwéﬁﬁ&lﬁbjg},:@\%ébb@\' o3lw
Ol w3l b 51 Jlel g 25 5 ol adb Vo
sl VS‘J:" slals Gl g a5 S Ol a5 cl S3
L;Uha)l..» Cn (@b Vo E) cg”) .LJJ E) ob_}s Lgl.ha‘)l.w
Jw).s)d.fo’q J.'?\ ()-i‘ Q‘J'.:.o ol J:...I..:: (4.3...19 63) lﬂ.wjﬁ

“ A.S.Ja Vo 9 0> (.Cr:i eJ'L.u Ls‘j’ (M Q‘J:A BL ﬁg

VvV PS\J:A Slals g g slils S Sl plrals wlin ¥ JS..’;
Vo U@a)bbdudbje)bujv\; 6[,&().,\.4)5}.4)")):))'5)»):
0.259 5 i 35 co aid

- T
01 :
_ ¥ b
’ 3 13
i L HE £
- 2o ‘@
8-/ EE I
@10 ] | & lé
- i '3
o —e— Without Structure 5
A 04 o 5Storey i &EJ
—w— 10 Storey &‘E
2 { —a— 15 Storey 1’ 5
4 o::
8 1 | &
10 { 13

. ‘ . i

0 20 40 60 80

Maximum lateral displacement (mm)

Fig. 7. Maximum lateral displacement of soil with 5x5

DGCs in the center and far from the center of without

and with 5-15-storey structures subjected to the 0.25g
El-Centro earthquake

a_}L«Q)J.!L;L&JJA}SJA):JUCLAL;JB,-&\Q-Q\Q-%.AJS.:
O3 5 VXV (ST e (glails (gla g g1l Mr.?b\o"abg@ o3l b
0.25¢ 5 mudl 35 coo (gl

15 Storey BB SETEEEEEID, 16,54 mm
SloTeY S NNNNNNNN 23 08

10 Storey JIPIBRTEETIEIIII 5195
SIOTEY NN 27 51

5 Storey NABIBEEEEEIIII 51.73
Y INSNNNNRNNNY 37.72

W/O Structure VLol LRl
AN 40.53

T T T T T

0 20 40 60 80
Maximum lateral displacement(mm)

MY With DGCs #2 Without DGCs

Fig. 8. Maximum lateral displacement of the soil surface
in the center of models without structure and with 5, 10
and 15-storey structures on the 7x7 DGCs and without

DGCs under 0.25g El-Centro earthquake



Ve Y Jb/ie)w/ry}g“,«.ﬁwjl

oo Ol jos owdige Sa s — oode aloe

Tl 03 Bl plralr aciy Ol (B 5 A) sl S
A5 dsb s el Bl plals aniy Ol Lo ls

SO s b gladas o ole Slib Sl plrale win N IS

V0 503 iy sbaesle sl oo 4l 5 (ol Oy 05120 4l
0.259 5zl d3); co 4ids

16
rx
14 A v P
v X
12 4 v />(
10 X
& 8
P
e
A6 With DGCs-5 Storey
With DGSCs-10 Storey
4 With DGCs-15 Storey
Tixed base-5 Storey
5 Fixed base-10 Storey
T Fixed base-15 Storey
Without DGCs-5 Storey
0 A Without DGCs-10 Storey
Without DGCs-15 Storey

0 50 100 150 200 250
Maximun lateral displacement (mm)

300

Fig. 10. Maximum lateral displacement of the structural
floors in the models with DGCs, without DGCs and
fixed base for 5, 10 and 15-storey structures under El-
Centro earthquake 0.25¢g

03 ol lib Ci )y anslie saas 0L (V) IS

(= slesle sl o sl 5 0T s DGCs L sladue
‘}S&L—L.:)JJ‘J\-LASMJL; olis @_L’.’J .JJ\{&@\O}.:)
Sl sladde 51 meS s 4 Sl 4l L Lagsle s
cladte s Mosle b Olas el ol s o
cladls 53 ol sl s Els o el Glsyul
Sl Ot Gl Slss 5 et s Sl S 5 RS
S Bl L Sl glad e 53 A 4 B &S
QT J?SJ d‘):LSﬁ 9 "\'SLS'O L\ﬁ J‘:’.‘Jﬁ‘ b)l.w 6“&;.4.3‘)2 Sk
sl i los ) slols Sosen Jae a5 cldls ol 5 1y
G b A el (st s Jemie ol il
sddte 5o Olib cy s S ey Al Olab slaws

! Rocking

¢o

@\0)53‘@ LSLAA)LALJLSL!JJA)J o:jL&WW\Jﬁ

sl s o (ilag Ol 5 VXV (ST e glails gla0 s (555 2

0.25g

= 250

=i

g 5
= ()]
g 200 - e
£ ni
S 10 0
= © g
2 150 X P\ oo
S N =~ ~ 1IN
3 S S| W
£ 100 A N Sl 20NN
) L m ™ 7 g
z o N ’ 0 / i}
g | ve 1N / 1] / ilH
5 50 7 in g= 7
: g6 7iE 76
S ) 4 ]| 4 10 4 og

5 Storey 10 Storey 15 Storey

W4 With DGCs jmmm Without DGCs

Fig. 9. Maximum settlement of the foundation in the
models with 5, 10 and 15-storey structures on the 7x7
DGCs and without DGCs under El-Centro earthquake

0.25g

Sl Sy 33 9 0k ol b1 ¥

3 ol Bl glrals Ol pfl alie 4 (o pl o
—ojle S, gladde s Lo b ladie Slib e s
By g antls p 0T O s (@S| e glals la0 s b S
Dl LS Sl s oS s e Ol (1) S
s ey el 3 SR Bl plralr (b sl
Lol pbralr RI51F 5 cho wl osle 3 (izas
33 P S ey Al G5k (lib sl 5l
33 s b Db el I SRS 0 slads
s b Sl Bl e s alS s (Slib s
S Db il plrals Ol (oS00 ladis s
slals oy sy Sl i U al slads o
Ll il ol sile Gl plrals (286 Esl (0S|
2 glrals 2als el DGCs w31 aid o3 o5le 510
ol GBSk s sl sl el e
boars Lol S e sk e sdalie plrals



O‘)K&.ﬁ}dﬁm&&

w3 b oSl il O s —o3 Lol (glos ) s Shas b3

4@njb))@ﬁj;§sj\Mcjb))guéw\i%k.\* J_{,;
o L) DGCs vxv Sl glals Gad s S35 » akb 10 502

Response acceleration (m/52)

—
LNO N A V0O CO N DB N O
rn L L | L ol L | L L L

0.250 5 mdl d35 cov (Ges

—— Without structure - Depth=8 m
===z SLOrey
if —-— 10 Storcy
o — = 15 Storey
a £
/':\'\\« MR e, R
[ - "
Ground surface
",
TN
! S\
A \\
e
¥ [light=15m
I N
I\
b ™%
/A"V"'"f\' \
_/"-rl v\\\w )
N\ Ilight=30 m
/;:,\. ‘\‘
SR v
A
Ilight=45m
7
+ kT Y
/ \'—\ o
0 I 2 3 4

Period (sec)

Fig. 12. Acceleration response spectrum at different

level from ground surface for 5, 10 and 15-storey

structures on the 7x7 DGCs subjected by 0.25g EI

Centro earthquake

Sy LoaS 550 e edalie bajlsses 4 4 L
Sy Lol fame Ol Slagal oSl lals glao s
03,8 Iy bl ol VL olib 5 S Cla.ﬂ PERNEN W

4.?9‘;'4' DL ol o)'\...»: 9 n}JL:L 4 Sk )‘ IR J.i?..a LSLAULL.L

3l cls V":'Ab’; Sk Cld“ 03 G ok L;u'cwti
ik (Slib sl JLlE L OY) S8 s s b Bk

B LJZJ 3 Sl a5 &’L.’.) Q\Jx_;j D)}u Ir ul;’.,.» C“‘li

b a4 old Jame glacls a5 das e Ol o3le b o

A

i s AP e 4 0l 05k 4 ced DGCs
BE ce)'Lw le:' Qb_}b J"‘ QLS f."&)}.’. JA‘ U'i\ J.;J.) JJ‘S&

Ll S S, Sy slassl
Candge oS Sl ool IS ol 5o sdalie B Ss a5
QQ}JQ.SJ.«\J‘ &;Jl?-j.)‘).) J)l.) \) M)Jwﬁﬁsw

el S 03 L Sl

Sl s b 10 55y oslu s Slib IS s VY K
DGCs VxV (oSl 2o slails slad s 1ol ol 1S (sl il
A5 o (o 0340L8) (g5l Oy o 5 5 (Gras 0351L0)

0.259 ; =i

0.0 0.3 0.6 0.0 0.3 0.6

10 A Ao~ 10 Storey ae (15 Storey| 15
91 14
8 1 A L3
7 o - 12
6 1 o FLL
55 z
§ | a 5 105_
,‘: 4 A —A- |- @
5 | > 8
237 LB o
€21 :
Z i R
1{s @ Lz
5 - A me- -
‘ lSStorey S
4 4 L— [ ] k L4
| |
3 1 4 8 A -3
B etk gk .
o1l |l L
0 . T . - ‘ 0
0.0 0.3 0.6 0.0 0.3 0.6
Total drift (%) Total drift (%)

—o— WithDGCs —--  Fixed base- 88— Without DGCs

Fig. 11. Total drift of 5, 10 and 15-storey structures in
various cases such as: fixed base, supported by 7x7
DGCs (deep foundation) and without DGCs (shallow
foundation) under 0.25g EI Centro earthquake

Sli-§-Y

Sao oS sl slad g sy &6 () S5 s
olis e;jSLi—o)'Ld—Jb'- W“ 4 ol }.M."' g_JLZ.I: ducr:wl.i

GV IS AP K



Ve Y Jb/ie)w/r}w}%wjl

oo Ol jos owdige Sa s — oode aloe

Soge )2 LL;&LJ‘)L’I.‘B) \-'-7)-"’4-’3)—';’5‘ DGCS)JJ&&
IS 25 5l b O las wlsl Jalpl &8 e ol

5 oss 5 S e s Sbt gle i O Jlis Lol oy o Lbs, MY K

A3l cou (o3l 05) DGCS YV (51 2 (glails (slad o L Jute

0.25¢g ;=i
O 4
.......... —@— Center

PR I P o «+J+ Far Field
B 4] °
£ :
= ]
% -

8 o :D

10 A 2

00 02 04 06 08 10 12 14
Excess Pore Pressure Ratio

Fig. 13. Profile of excess pore pressure ratio in the
center and far from of the 7x7 DGCs model (without
structure) under EI-Centro earthquake 0.25¢

23 G b Gas 53 Sbt gl i Ol lis Lol i U N E S
SO s Sa) p sl Oy 5 4k V0 L =y slacslo b Ladie S 5
0.250  zdl 315 cos DGCS vV 151 20 lails

£ 34

E 33 — W/O Structure

2 ,f“ ‘ h — 5-Storey

& Wk —— 10-Store

5 321 b A 2LOTCY,

z; \ |r A, 15-Storey

g, 4l [ .

£ | i :

2 i a

HESES | i

>

g 29 T T T T T T :
0 5 10 12 20 25 30

Time (sec)

Fig. 14. Excess pore pressure history at the depth of 4m
in the center and far from of the models with 5, 10 and
15-storey structures and without structure on the 7x7
DGCs under El-Centro earthquake 0.25g

L& fL@S BE) Y JJ‘LL;“ sdalin (\O) L}.i,z )l u.:.o_wb
Sloim Ol [las wlol oo slie wile 5l e St

Ll s eVl ol Sl ety 0 Jlis & 5 SO 51 i

1Y

a5 Db sl L Ll il sl L ol
(e o3l Slr S adesle b 35 Sl OF el
QLS BELIE (CM»\ V/44 B VY0 /QV L;j;\f A_LL \o 50
Sl esle (VL s oled i gl I s 1ol

el ol QLA 32 51 Sel S (glaeslu 4 Gl (6 5S

S 50 Slo o> O Hlid Blol-¢-v

S gloim Ol Hlis wlol cu o ol s OF) 1SS
S ) VXV (Slize slad s b ok ($5lagy ddbe S 5 5o
S Sl ose glaki 5 (Cul edd Ll WSl O
ol eals Ol Ciliie Glaes o (LT L) Juke
et palie s g edalie JSE ol S8 shiles o
st BBl (glails g S alr 3 loyim o LS WL
T lame 53 8 Sope 53 Sl Gl S Sl
das o Ol IS ool iz a5l ol Sl gs5s 5 ol
b Gee 5 lopi O JLis wlol gy slis iy oS
@\:\JJ&JJQRJ Slpcanlsl 53 pl Bl cdas To S
sl 0 s (§ 535555 Gas Lpas L;\e,&;—gT)Li.é 4l
Gloyim= Ol s wlol ol ams )b (1) IS
Slele e G b Ges ps 5 J S s S
Gloyim T [Lad s s e 0lis |, DGCS (g5, ilises
e 3 Ml e bl olib slaas 13l L ) gars 2
LS g DS W 4 0 di5 8 s ekl 5l
ol Sl wlol Gl weil s Olg e IS8 opl b olas
e 5 S S e Slaesle o lo i
Slosle S e 5 clojim O lis aniy (Vo) IS
o (Sl Sl 5 (52 b Gas 3 0T I s 5 il
S 345 0 odalie Ji.d s s e DL 1 eiS
Ol Sles wlsl pud Ll coge o3l 3 3DGCS 5>
okt le SLbI Sbt 4 Cos gt o bl
5wl DGCs (VL (s pdidsd sl ol Ws .ol
bow St o4 i DGCs sYL o Js a4 30

sl Col &S das e 0l s Sl elusl L, (Slb



QU)K‘..A}L;%&L;&

w03 b oS1 e (gl O g —o3 Lol (glos ) s Shas b3

BE R ‘Ji.’\j) rJ& QT J.:‘.) b},:uda sdalis u_}:.w J)e-)l;.
ol OF bl ks, 5 (OF) K2 DGCs o~ 5

Ges 3 Sl LS S A5 Jees b b =Y
s S Caslie Sl Cor e L e

3ol (Sealen [11 10Tl o (slaassly b el oy

Ol yo ojl wp-£-0
Slp ol jsoile B anslie sas olis (VW) K3
s e 0L gl LEL o EbVO 5 03 iy o5l L slad
s o a5 b gl s B ke &S
DGCs lols 5 il 05 sladde I iy oo gums
4 S i e J 55 DGCS 5y )b 51
4 ashe wl G ORI o (Sl Ok glade
slos) slols

J:Q:J.g LdL\?_M _;—’J;J,.li CJLE.J; B LJ.;J\.J\J Lgl.aa)l.w BE )}J;dn

Dbl Eel Je e Rl s ol

sladde 51 i L8 Gl slaal Lol Sl 5 4l
BE] U‘;'f )lJ..;.d ‘LSJG)ﬁ Quﬁb BE L;j Sl J.ZVS)J;‘

Cesladde 4 31 i ol (gl b

S5 domuii-0

wralr Sl cxpe S s ol 2z @
S 5l L el il g s pKa s Sl e
gy LS Gl gbal e el olb
el b als el s el oLl I 85l
A
Sl plralr iy S das e Ol gl e
o3 gy ol 5l s (abad 4 s o5l 5 > S
i s 30 sdins OLE & il o a8 aib VO
Sl 3 S G plralr oS O 5 Olib

Al

EA

o gloyim of Slis pslie Slad sliw a5l Loosle 55
b Sl e Sl Of sl a5 DGCS L Sl s
53 Glojim O Slis wlol Jalpl &8 el ol Ks S3
S Jeily R s W SR sl s b
o S e Jlol o olib 1l Ly e S
oo palie a8 el il (S a3 5 55,00 YL
Sloim Of Slas Blol Cy e e syd lis il
Sl sk 5 BT Bme sl (00) K5 3 Humin
S amlie LSl s 3550 el 0l oslons
S 3L OS5 e el Ol Jde 5 o3l Sl s B s

A el s s bl s ool JLis (a5l Cse o5l

)JQI)")))};{LLI};A;:_}L.«)SJJJ)&';:)&;-;.)I)L:-j%.\oJS-::
ewje&éjwdbjaﬂiw

140 -
120

100 - Tortn —
80

60 {1 ‘"
40

20 -

0

Number of storeis

Center-DGCs o Center-W/O DGCs
Far field-DGCs = Far field-W/O DGCs

Fig. 15. Maximum pore pressure at the depth of 4m
in the center and far from of the

improved/unimproved models with 5, 10 and 15-
storey structures and without structure

Maximum pore pressure (kPa)

- St
S S ms e s S e, 333 e Gl
Slesl s S (b SS- A8 gl x Geee (A
VxV DGCs shyls Il 5 sl b gl ooy cilisis
b eyl g OIS el ol 4 S 15 aslie 5 4
Pl e tls LB () S 5 Jesl
S b GRS e skias 0L Lasls gai- )

SeS sl oS 5 Al e oSl glails sl buog



\i'*db/ie)w/ryj%a)}) w)hq\ﬁwwwjﬁ*dmlﬁw

Calizes Blasl s o3l O VXV (Slie slails glad s s sl - s S G O et g e GRS A e N S

Free Field Dence Granular Column Group 3x3
3.0 1 20
1.5:4 10
00 =7t 0
-10 _
-1.5 T Depth=3.58 m
_ | | l } | t t t + ; ; ;
& 10 5
=2, 0 5 /4
i . 0 ;ﬁ/
£ 0 ( !
= ——
7 20 W/
§ -5 1 T / * 4
2 -40 4 o N
Z .10 1 Depth=5.58 m
20, 1 200
10 4 T 100
0 = == 0
Nl -100
-20 A T Depth=9.58 m
+ t f t t -200
24 -1.6 -08 00 08 0 15 30 45 60 -04 -02 00 02 040 50 100 150 200 250
Shear Strain Effective Confinement Stress (kPa) Shear Strain Effective Confinement Stress (kPa)

Fig.16. Shear stress-strain and stress path at various depths for the free field and DGCs 7x7 without structure

V0 5oy slaosle il R CO SYRT-T SRR ) (o
5 VXY r5\]:,, slals g siw b iClo aB4SS Lyl o ghyls ids
PGA=0.250 L 5zl d3)5 cos (glage 05k

1000 2000 3000 1000 2000 3000

Skt mla G lralr Gl okl Coly mls @
QT Q).b }DGCS LS\)‘J LSUAJ.L& BE o.)_,jl.i': oo 9
33 DGCs 555 a5 das o OLiS csline slaosler slyls

ol 0 a_s}JLi Sl U‘J:ﬂ ULALS [ e Lho)'Lw ru 10 4 : 10 Storcy 15 Storey| s
slis ials ;s DGCs 38 5 s e B 91 @ “‘TI E, L 14
_ - 8 1 B
S Ol YL LSy wpus s 4 gl i sl O ; M3
B i 12
Shosd o S LIS, 51 S0 LU fals Case 6 L
& S .- Y & 3 Z
ML)L;‘ D)}JL&MMS JiYJA.Lm?- 54_ -10%
MWW‘H\{LLGGJLWJJ‘}S%)})‘M o E:;_ 72’3
. . ) ° 2
(el 1S (3l O3k 3 DGCs (g5, bacsle i s 22 L7 8
1 A
3 v,.:SJJ di;S)JJl sbadie 3 o bl Cu \;1) 04 ro
51 = vy 5
L_SLGEJ-LA DL CM‘ d);-w 6[{ Lf.bjb 9 ;‘WL . C,.:l.l).} 4 I_I N . SlOTLy L4
ol Bl osle glacd, s (S o 1Bl L s ) 3 IA 4 L3
. . L. o 2 ‘ a |8
)‘ .LI:JJsl? 6M%JJMJ‘JJLG ‘J.S‘_;a \Jﬁ N .;I L 1
Sy S e My I Slb sl s b 0l I | I S |
. L ) . o . 1000 2000 3000 1000 2000 3000
05l 4 oo [’5‘.}"‘" slals LSLQQJ‘"‘"' L bads 22 uLa.Jo Shear force(kN) Shear force(kN)
j‘\ Q—i‘ J':]J 'J".’)C§L5'° d':"ﬁt’ it f-{i-’j V"‘ 4 LS)'L-“-é—f —e— With DGCs —A - Fixed base —& Without DGCs
; Sl baesle 53 wile b Olss i ods 55, 5 Fig. 17. Total maximum shear forces the 5 and 10
i ) z 4 % storeis structures with fixed base, 7 x 7 DGCs and
sl Fes S 6, without DGCs under the earthquake motions of El

Centro with PGA= 0.25¢g

€9



Qb&a;éﬂ&_}c

6. Ashford S. A, Rollins K. M., Case Bradford V S,
Weaver T. J.&Baez J. I. 2000 Liquefaction
mitigation using stone columns around deep
foundations: Full-scale test results. Transportation
research record. 1736(1): p. 110-118.

7. Adalier K., Elgamal A., Meneses J.&Baez J. 2003
Stone columns as liquefaction countermeasure in
non-plastic  silty soils. Soil Dynamics and
Earthquake Engineering. 23(7): p. 571-584.

8. LuJ., Pengl., Elgamal A., Yang Z.&Law K. H. 2004
Parallel finite element modeling of earthquake
ground response and liquefaction. Earthquake
Engineering and Engineering Vibration. 3(1): p. 23-
37.

9. Elgamal A., Lu J.&Forcellini D. 2009 Mitigation of
liquefaction-induced lateral deformation in a sloping
stratum: Three-dimensional numerical simulation.
Journal of geotechnical and geoenvironmental
engineering. 135(11): p. 1672-1682.

10. Rayamajhi D. 2014 Shear reinforcement effects of
discrete columns in liquefiable soils.

11.Rayamajhi D., Ashford S. A., Boulanger R.
W.&Elgamal A. 2016 (a) Dense granular columns in
liquefiable ground. I: shear reinforcement and cyclic
stress ratio reduction. Journal of Geotechnical and

Geoenvironmental Engineering. 142(7): p.
04016023.
12.Rayamajhi D., Boulanger R. W., Ashford S.

A.&Elgamal A. 2016 (b) Dense granular columns in
liquefiable ground. II: Effects on deformations.
Journal of Geotechnical and Geoenvironmental
Engineering. 142 :(Y)p. 04016024.

13.Ben Salem Z., Frikha W.&Bouassida M. 2016 Effect
of granular-column installation on excess pore
pressure  variation during soil liquefaction.
International Journal of Geomechanics. 16(2): p.
04015046.

14.Tang L., Zhang X.&Ling X. 2016 Numerical
simulation of centrifuge experiments on liquefaction
mitigation of silty soils using stone columns. KSCE
Journal of Civil Engineering. 20(2): p. 631-638.

15.urali A., Godson M., Shanmugam G. K.&Subramani
N. 2022 Applicability Analysis of Stone Column
Against Liquefaction Under Repeated Dynamic
Events, in Ground Improvement and Reinforced Soil
Structures. Springer. p. 305-315.

16. Kumar R.&Takahashi A. 2022 Reliability assessment
of the performance of granular column in the
nonuniform liquefiable ground to mitigate the
liquefaction-induced ground deformation. Georisk:
Assessment and Management of Risk for Engineered
Systems and Geohazards. 16(2): p. 376-395.

17.Chafale A.&Annam M. K. 2022 A Review on
Ground Improvement with Surcharge in Addressing
Liquefaction Mitigation. Dynamics of Soil and
Modelling of Geotechnical Problems: p. 367-375.

18.Zhou Y.-G., Liu K., Sun Z.-B.&Chen Y.-M. 2021
Liquefaction mitigation mechanisms of stone
column-improved ground by dynamic centrifuge

w03 oS1 e gleils O g —o3 Lol (glos ) s Shas b3
}ob}uméu)‘gm‘éuuwg;ﬁ}ﬁwy)ow
e 02 68 Sl glagal e 3 5 edd ol
Ldls el i o5l YL olilk 5 S

DL g Ll Comse S g) el sy @
SLid a5l el sy 80 3 e (gle i lile
5l s 5l xis esle 3 s Gle,a sl O
J@L&o)u e.)_,ju

)lMWQL‘J onS 6[.&5)1.«.»: BE L);'f )\Jia L
S 55 DGCS 525 3 b 5l ol Lios il sladas
ol 32l o g Ol Ok gladds & oo S G
Fosl Slb g 5 Gal glaesle 5o sl s 4l s
L{‘JSJ“ g.,.l...p équ l; a)Lw C,Jl;— BL) 44“\_3 U:’J" LOL?'M
wudh@)\f@ev\.ﬁ L;)L.,..@.: 6L§dv\.¢ )JJSL):IJJ
el (b3 ogd= U bl s gl gl 5y A1l el ]
Sl b 5 plals s daler cllls Jals
ng}ivﬁ) oJ'LN ‘-55_9\ v.ib-ml;- d}:;SﬂojW Sl 6)),@
@3 Ils Olys 5 s (Bl sl Osmmen (835050

Dy J RS gy

&l -1

1. Hamada M.&O’Rourke T. 1992 Case studies of
liquefaction and lifeline performance during past
earthquakes. Volume 1, Japanese Case Studies.
Technical Rep. NCEER-92. 1: p. 1-28.

2. Bray J., Cubrinovski M., Zupan J.&Taylor M. 2014
Liquefaction effects on buildings in the central
business district of Christchurch. Earthquake
Spectra. 30(1): p. 85-109.

3. Cubrinovski M., Winkley A., Haskell J., Palermo A,
Wotherspoon L., Robinson K., et al.Hughes M. 2014
Spreading-induced damage to short-span bridges in
Christchurch, New Zealand. Earthquake Spectra.
30(1): p. 57-83.

4. Cubrinovski M.&Ishihara K. 2004 Simplified
method for analysis of piles undergoing lateral
spreading in liquefied soils. Soils and foundations.
44(5): p. 119-133.

5. Priebe H.-J. The prevention of liquefaction by vibro
replacement. in International conference on
earthquake resistant construction and design. 1991.



Ve Y Jb/ie_)u/ry}%wji

28.Karimi Z.&Dashti S. 2016 Numerical and centrifuge
modeling of seismic soil-foundation—structure
interaction on liquefiable ground. Journal of
Geotechnical and Geoenvironmental Engineering.
142(1): p .04015061.

29.McKenna F., Mazzoni S.&Fenves G. 2011 Open
system for earthquake engineering simulation
(OpensSees) software version 2.2. 0. University of
California, Berkeley, CA. Available from
http://opensees.berkeley.edu.

30.McKenna F.&Fenves G. L. 2008 Using the
OpenSees interpreter on parallel computers. Network
for earthquake engineering simulations.

31.Yang Z., Lu J.&Elgamal A. 2008 OpenSees soil
models and solid-fluid fully coupled elements. User's
Manual. Ver. 1: p. 27.

32.Yang Z., Elgamal A&.Parra E. 2003 Computational
model for cyclic mobility and associated shear
deformation. Journal of Geotechnical and
Geoenvironmental Engineering. 129(12): p. 1119-
1127.

33.Prevost J. H. 1985 A simple plasticity theory for
frictional cohesionless soils .International Journal of
Soil Dynamics and Earthquake Engineering. 4(1): p.
9-17.

34.He L., Ramirez J., Lu J.,, Tang L., Elgamal
A.&Tokimatsu K. 2017 Lateral spreading near deep
foundations and influence of soil permeability.
Canadian Geotechnical Journal .54(6): p. 846-861.

35.Lu J., Kamatchi P.&Elgamal A. 2019 Using stone
columns to mitigate lateral deformation in uniform
and stratified liquefiable soil strata. International
Journal of Geomechanics. 19(5): p. 04019026.

36.Rib6 R., Pasenau M., Escolano E., Ronda
J.&Gonzélez L. 1998 GiD reference manual.
CIMNE, Barcelona. 27.

37.Csi C. 2016 Analysis reference manual for SAP2000,
ETABS, and SAFE. Computers and Structures,
Berkeley, California, USA.

38.AISC 2010 Specification for structural steel
buildings (ANSI/AISC 360-10). American Institute
of Steel Construction, Chicago-Illinois.

o)

oo Ol jos owdige Sa s — oode aloe

model tests. Soil Dynamics
Engineering. 150: p. 106946.
19.Carlos Tiznado J., Dashti S.&Ledezma C. 2021
Probabilistic predictive model for liquefaction
triggering in layered sites improved with dense
granular columns. Journal of Geotechnical and

and Earthquake

Geoenvironmental ~ Engineering.  147(10): p.
04021100.
20.Rashma R., Jayalekshmi B.&Shivashankar R.

Seismic performance of pervious concrete column
improved ground in mitigating liquefaction. in 1OP
Conference  Series:  Materials ~ Science  and
Engineering. 2021. I0OP Publishing.

21.Tang L., Liu S., Ling X.,, Wan Y., Li X., Cong
S.&Su L. 2021 Seismic Soil Liquefaction Mitigation
Using Stone Columns for Pile-supported Wharves.
Journal of Earthquake Engineering: p. 1-28.

22.Meite R., Wotherspoon L.&Green R. 2022 Influence
of extent of remedial ground densification on seismic
site effects via 2-D site response analyses. Soil
Dynamics and Earthquake Engineering. 152: p.
107041.

23.Seed H. B.&Booker J. R. 1977 Stabilization of
potentially liquefiable sand deposits using gravel
drains. Journal of the geotechnical engineering
division. 103(7): p. 757-768.

24.Sasaki Y.&Taniguchi E. 1982 Shaking table tests on
gravel drains to prevent liquefaction of sand deposits.
Soils and Foundations. 22(3): p. 1-14.

25.Brennan A.&Madabhushi S. Physical and numerical
modelling of drainage in liquefied soils. in Fourth
International Conference on Seismology and
Earthquake Engineering, Tehran, Iran. 2003.

26.Asgari A., Oliaei M.&Bagheri M. 2013 Numerical
simulation of improvement of a liquefiable soil layer
using stone column and pile-pinning techniques. Soil
Dynamics and Earthquake Engineering. 51: p. 77-96.

27.Forcellini D. 2020 Soil-structure interaction analyses
of shallow-founded structures on a potential-
liquefiable soil deposit. Soil Dynamics and
Earthquake Engineering. 133: p. 106108.


http://opensees/

Oen 5 5 S e w03 ST glails O —od lli—e 3l (glo 3 5 Slas L5l
Seismic Response Assessment of Structure-Foundation-Dense

Granular Column Considering Interaction Effect on the Liquefiable
Soil

Ali Asgari®’, Bita Sahebian?, Mohammad Kazemi®

1- Assistant Professor of Geotechnical Engineering, Faculty of Engineering and Technology, University of Mazandaran,
Babolsar, Iran.

2- M.Sc. student, Department of Engineering and Technology University of Mazandaran, Babolsar, Iran.

2- M.Sc, Department of Engineering and Technology University of Mazandaran, Babolsar, Iran.

a.asgari@umz.ac.ir

Abstract

Two of the important issues in the construction of structures located in seismic coastal areas are the study of
the potential of liquefaction phenomenon in saturated sandy soils and seismic structure-foundation-soil
interaction (SSFSI). Control of structure damage on the liquefiable soil and large deformations of soil due to
seismic loading and, also, the other responses such as: the accelerations at top of the structure/foundation and
excess pore water pressure related of this phenomenon are very important. The phenomenon of liquefaction
happens due to the occurrence of an earthquake and due to the lack of sufficient opportunity for drainage of
excess pore water pressure. One of the effective and useful mitigation methods to control of the liquefaction
phenomenon is the usage of dense granular column (DGC) in appropriate dimensions and distances on the
ground susceptible to liquefaction. The role of the DGC in controlling the liquefaction phenomenon are
follow as: firstly, the DGC is made of materials that are more permeable to sandy soils and cause the excess
pore water pressure to be dissipate faster, and secondly, DGC increases the stiffness of the system, which
proportionally reduces the excess water pore pressure due to the dilative behavior. To reduce the risks of
liquefaction, it is necessary to fully understand its consequences. These consequences depend on permanent
soil displacements, structural performance, structural characteristics, foundation and structure dimensions,
soil conditions of the structure site, type of loading and earthquake intensity. The presence of the structure
and impact of SSFSI affects the intensity of liquefaction and static and dynamic stresses in the soil. Most
prior studies (e.g., physical, numerical, or analytical models), ignore the existence of the structure or
consider the effect of soil-structure interaction (SSI) on the liquefiable soil layer as an equivalent model.

Hitherto, the essence and extend of these interactions are not sufficiently understood. These methods can not
properly assess the damage caused by liquefaction; Therefore, these methods cannot be used in the design of
structures resistant to liquefaction. Therefore, to accurately study the effect of liquefaction, a method and
model is needed that can fully consider the soil, foundation, and structure so that it can be used to correctly
estimate the amount of subsidence and displacement of the structure. In this study, to evaluate the seismicity
and the mitigation effect of DGCs, using OpenSees finite element software, modeling of DGCs and
surrounding soils without structure and models with 5, 10 and 15 storey structures were performed. The
three-dimensional soil and DGCs modeled in the software are placed under different earthquakes and the
effects of structural layers on the lateral displacement, excess pore water pressure, response of acceleration
spectrum, drift and shear force of stories are investigated. The liquefiable soil is modelled through the
pressure-dependent multi yield surface soil constitutive law (PDMY02) applied in OpenSees. The results of
this study are shown the positive effect of DGC on the reduction of lateral displacement components of soil
and structure, foundation subsidence and excess water pore pressure. Also, the presence of the structure on
the soil and the increase of its floors have increased the mentioned components except for lateral
displacement of soil.

Keywords: Liquefaction, Dense granular column group, Interaction, Structure, 3D Modeling.
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